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Films from waterborne polyurethane (WPU) and carboxymethylated guar gum (CMGG) with different contents (20-80 wt %) were
prepared through solution casting method and then were crosslinked with calcium chloride. The effect of CMGG content on the miscibility,
morphology and physical properties of the blend films is investigated by Fourier transform infrared spectroscopy, scanning electron
microscopy, density measurements, differential scanning calorimetry, dynamic mechanical thermal analysis, thermogravimetric analysis,
water sensitivity measurements, solvent-swelling and tensile tests. The results reveal that the uncrosslinking films exhibit good miscibility
when CMGG content is lower than 60 wt %, whereas typical “sea-island” structure occurs when the CMGG content further increases.

modulus and thermal stability. The crosslinking films also exhibit better tensile strength (11.6-56.5 MPa) and solvent-resistance than that
of the uncrosslinking films over the entire composition range. A model describing the configuration of Ca**-chelating structure was

INTRODUCTION

Continuous awareness of ecological problem has led to a
paradigm shift on the use of biodegradable materials, especially
from renewable agriculture feedstock and marine food proce-
ssing industry wastes'. Consequently, natural polymers and
their derivatives have attracted considerable attention®. Among
the several candidates including natural polymers and their
derivatives, guar gum (GG), a high-molecular weight water-
soluble non-ionic natural polysaccharide isolated from the seed
endosperm of the guar plant, is one of the promising materials
for biodegradable plastics because it is a versatile biopolymer
with immense potential and low price for use in the non-food
industries®. It is a member of the class of galactomannans,
which consist of a (1-4)-linked B-D-mannopyranosyl back-
bone partially substituted at O-6 with a-D-galactopyranosyl
side groups®. Because of these associations, guar gum possesses
remarkable rheological properties’ and is widely used in food®,
personal care’ and oil recovery. In recent years, modified guar
gum has been found numerous applications in cartridge explo-
sives, mining, froth flotation, oil recovery, textile printing and
water-based paints®. Among many chemically modified methods,
chemical crosslinking is a convenient and feasible method to
modify the structure of natural polymers and thus makes them
attractive biomaterials for further applications. In previous

After crosslinking with calcium ion, the blend films form a relatively dense architecture, which leads to better miscibility, higher storage |
proposed to illustrate the different structures of the two series of the blend films. |
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papers, through crosslinking with glutaraldehyde, phosphate,
urea-formaldehyde and borax, modified guar gum was applied
in various fields, such as controlled drug release’, colon-
specific drug delivery'®, liquid pesticide", water retention?,
etc. However, the high water sensitivity and bad form-films
ability of guar gum and its derivatives limit their applications
as useful film materials. At present there exists several different
ways to overcome these problems, one of them is mixtures of
synthetic polymers with natural polymers (preparation of
polymer mixtures) which have good biodegradable properties;
another option is the synthesis of polymers with use of products
from natural sources".

Polyurethane (PU), an unique polymeric material with a
wide range of physical and chemical properties, has been
extensively tailored to meet the highly diversified demands of
modern technologies'*. Driven by continuous reduction in costs
and the control of volatile organic compound emissions, the
development of waterborne polyurethane has been increasing .
It is noted that waterborne polyurethane, as a nontoxic, non-
flammable and environmentally friendly material, has been
abundantly used as an environmental coating and an adhesive,
automatic finishing, industrial finishing and corrosion-protection
coating'®. However, because of its poor tensile strength and bad
organic solvent-resistance, the use of waterborne polyurethane
(WPU) as a material is limited to certain extent. So, it is an
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effective path to overcome the disadvantage through combined
use of natural polymers. Many researchers have reported that
the composites materials prepared from WPU with natural
polymers or their derivatives, such as starch'’ casein®®, soy
protein'’, carboxymethyl konjac glucomannan®, carboxy-
methyl chitin? have been studied. These researches exhibited
that natural polymers or their derivatives play an important
role in improving thermal stability, tensile strength and solvent-
resistance of the composites materials.

Polymer blending is an important method for modifica-
tion or improvement of the physical properties of polymeric
materials. Blends of polymers may result in cost reduction
and better processing, thus enhancing the properties to be
maximized”. On several occasions the initial dispersion of
the blend component is further promoted by crosslinking,
creation of interpenetrating networks, mechanical interlocking
comments and use of ‘compatibizing agents’ in order to ensure
that no demixing will occur at a later stage™.

The effects of Ca** crosslinking on structure and properties
of the blend materials from waterborne polyurethane and natural
polymers have been less reported. A basic understanding of
the behavior for Ca** crosslinking blend films is essential for a
successful research and development of the new materials.
So, in this study, we attempt to introduce Ca** into the blend
films by employing aqueous ethanolic solution of calcium
chloride. It can be expected that the post-treatment with CaCl,
will allow the production of crosslinking in both components.
The structure and morphologies of the uncrosslinked and
crosslinked films were characterized by ATR-FTIR and SEM.
The miscibility and properties of the blend films were evaluated
with DSC, DMTA and density measurements, respectively.
Furthermore, the thermal properties, mechanical properties,
contact angle, moisture uptake and solvent-resistance of the
two series of blend films were also evaluated by TGA, tensile
tests, contact angle measurements, moisture uptake measure-
ments and solvent-swelling tests, respectively.

EXPERIMENTAL

All of chemical reagents were obtained from commercial
sources in China. Guar gum (GG) was kindly supplied by
Wuhan Tianyuan Biology Co., China. The method of prepa-
ration and purification was followed as document*. Commercial
2,4-toluene disocyanate (TDI; Shanghai Chemical Co., China)
was vacuum-dried at 80 °C for 2 h and was used as hard segments.
Polyethylene-propylene adipate glycol (PEPA; Mn = 1980;
Jinlin Chemical Co., Nanjin, China) was vacuum-dried at 110
°C for 2 h and was used as soft segments. 2,2-Bis(hydroxyl
methyl) propionic acid (DMPA; Chengdu Polyurethane Co.,
China) was also dried under vacuum at 110 °C for 5 h and
used as chain extender and anionic center. Triethylamine (TEA;
Shanghai Chemical Co., China) and butanone as a neutralized
reagent and a solvent, respectively, were treated by 3 A mole-
cular sieves for more than a week to dehydrate them before
use. Chloroacetic acid, sodium hydroxide and methanol were
analytical grade. The other reagents were used without further
purification.

Synthesis of waterborne polyurethane: Anionic water-
borne polyurethane (WPU) was synthesized according to the

acetone process reported earlier'. The molar ratio of NCO/OH
in this case was 1.75. A 500-mL four-necked flask was fitted
with a thermometer, a stirrer and an inlet and outlet of dry
nitrogen. The dry PEPA (47.3 g) and DMPA (3.17 g) were
added into the flask and stirred at 120 °C for 15 min to dissolve
DMPA easily, then cooled to 85 °C; TDI (14.4 g) was added in
one portion and stirring was continued at 85 °C for 2-3 h under
dry nitrogen until the content of NCO groups reached a given
value, as determined by dibutylamine back titration. Subse-
quently, the butanone was poured into the flask to reduce the
viscosity of prepolymer and then cooled to 60 °C. After neutra-
lized with TEA for 0.5 h, the product was dispersed with
distilled water to emulsify. The solid content was controlled
to 20 wt % under vigorous stirring for 0.5 h and its viscosity
measured by using a rotation viscosity meter (NDJ-4, Shanghai
Balance Factory) was 6.8 MPas.

Preparation of carboxymethylated guargum: CMGG
was prepared using a slightly improved method over the
reported by Kobayashi ef al.”> and Lin et al.”. In a 500 mL
three-necked round-bottom flask equipped with a reflux
condenser and N supply, 10 g of guar gum was suspended in
50 mL of 50 wt % aqueous methanol. After 0.5 h, 40 g of
50 wt % aqueous solution of sodium hydroxide was added
gradually while stirring at room temperature. After 2 h, 30 g
of chloroacetic acid, dissolved in 50 mL of 50 wt % aqueous
methanol, was added gradually. Mechanical stirring was conti-
nued for 24 h at 50 °C and then it was allowed to cool to room
temperature. At this point, the solution was neutralized with
acetic acid. The product was washed with 70, 80 and 100 wt %
methanol to remove impurities, successively and filtered off.
The residue was air-dried and dried at 50 °C in vacuo. Its degree
of substitute was 0.78 according to the titration method. FTIR
spectrum of CMGG was shown in Fig. 1, it was obvious that
the absorption bands centered at 1619 cm™, were ascribed to
asymmetric stretching vibration of the free carboxylate ion
and the peaks at 1420 and 1370 cm™ were concerned with the
symmetric stretching vibration of the free carboxylate ion in
CMGG sample®. These changes confirmed that CMGG was
synthesized.

Preparation of the blend films: 2.0 g of CMGG was
dissolved in 100 g deionized water to obtain 2 wt % CMGG
solution. Subsequently, the WPU was mixed with varying
amounts of CMGG solution at room temperature with conti-
nuous stirring for 2 h. Last, the mixture was degassed and
then casted on a glass plate mold, followed by drying at room
temperature in an oven for several days to obtain a transparent
film. By changing the weight per cent of CMGG in the blend
films such as 20, 40, 60 and 80 wt %, a series of blend films
were prepared, coded as UG-20, UG-40, UG-60 and UG-80,
respectively. The films from pure CMGG and WPU were coded
as CMGG and WPU, respectively. After being dried, the films
were immersed in 5 wt % calcium chloride 70 wt % aqueous
ethanol solution for 0.5 h. After coagulation, the prepared films
were washed with deionized water to remove the unreacted
calcium chloride. The films undergoing post-treatment were
coded as CUG-20, CUG-40, CUG-60 and CUG-80, respec-
tively. The crosslinked films from pure CMGG and WPU were
coded as CCMGG and CWPU, respectively. The compositions
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Fig. 1. ATR-FTIR spectra of the UG and CUG films

of the uncrosslinked and crosslinked films are listed in the
Table-1. The thickness of the blend films was controlled to be
0.1 mm. All the films were vacuum-dried at room temperature
for 3 days and kept in a desiccator with P,Osas a desiccant for
more than 1 week before the characterization.

Characterization: Calcium content in the crosslinked
films was determined by ICP-AES (United States). The
crosslinked films were burned in a muffle furnace at 650 °C
and then dissolved in nitric acid, followed by diluting to a
certain concentration with distilled water.

Attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy of the films was performed at room

TABLE-1
COMPOSITION OF THE UG AND CUG FILMS
Samples Wemas (Wt %) We, (Wt %) p (g/em’)
WPU 0 = 1.13
UG-20 20 - 1.21
UG-40 40 - 1.32
UG-60 60 - 1.42
UG-80 80 = 1.43
CMGG 100 - 1.46
CWPU 0 0.092 1.14
CUG-20 20 0.097 1.27
CUG-40 40 0.115 1.41
CUG-60 60 0.132 1.44
CUG-80 80 0.154 1.48
CCMGG 100 0.167 1.54

temperature on a Nicolet ATR-FTIR spectrometer (Avatar 360,
United States) fitted with a germanium crystal, with a fixed
45° angle of incidence. The samples with thickness of 100
mm were taken at random from sheets and placed flat on the
crystal surface. The data were collected over 32 scans with a
resolution of 4 cm™.

SEM micrographs were taken on a Hitachi S-570 micro-
scope (Japan). The blend films were frozen in liquid nitrogen
and snapped immediately and the surface and cross section of
the films were sputtered with gold, observed and photographed.
For the observation of the structure of the uncrosslinked films,
the UG films, enclosed in a nylon mesh, were immersed in
acetone and this was accompanied by mild stirring for 24 h at
room temperature; thus, WPU was dissolved in acetone and
removed from the UG films during extraction, leaving voids.

The density (p) of the blend films was measured at 25 °C
by determining the weight of a volume-calibrated psychomotor
filled with a mixture of chloroform and ethanol, in which the
samples achieved floatation level. The density of the liquid
mixture equals the density of the samples. Three parallel
measurements were carried out for every sample.

DSC thermograms over the temperature range -130 to
100 °C were recorded using DSC-204 apparatus (Netzsch Co.,
Germany) under a nitrogen atmosphere. The experiments were
carried out at a heating rate of 10 °C/min. DMTA was carried
out with a dynamic mechanical thermal analyzer (DMTA-V,
Rheometric Scientific Co., USA) at 1 Hz and a heating rate of
5 °C/min in the temperature range from -80 to 100 °C. Specimens
with typical size of 10 mm x10 mm (length x width) were
used. TGA thermograms of the specimens were recorded on a
thermoanalyzer (DT-40; Shimadzu) under nitrogen atmosphere
with a flow capacity of 50 mL/min from 20 to 600 °C, at a
heating rate of 10 °C/min. The starting decomposition tempe-
rature and weight loss values of the samples were evaluated
by using the intersection point of tangents of TGA curves.

The contact angle measurements were performed with a
Kruss G23 (Germany) apparatus. A water droplet was put on
the surface of a sample and the droplet shape was recorded. A
CCD video camera and imagine analysis software were used
to determine the contact angle evolution.

The moisture uptake measurements of the blend films were
performed as follows: the dried films of 20 mm x 10 mm,
kept at 0 % RH (P,Os) for 1 week, were weighed and then
conditioned in a chamber of 75 % RH at 25 °C. The sample
was removed at desired intervals and weighed until the
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equilibrium state was reached. The moisture uptake of the
blend films was calculated as follows:
Moisture uptake (wt %) = {(Wt—w‘)}xloo %
Wo
where w, and w, are the initial weight and weight in 75 % RH
of the sample, respectively.

Solvent-swelling tests of the blend films were performed
with different organic solvents including acetone, methanol,
N,N-dimethylformamide and toluene at room temperature for
12 h. The dry films were weighed and then immersed into the
solvents to prepare swelling films for 12 h. The resulting films
were taken out and the excess solvent on the films was wiped
off to weigh. The degree of swelling was calculated by the
following equation:

(Wg—wg)

Degree of swelling (wt %) = {
Wo

} X100 %
where w,represent the weight of the swollen film and wy is
the weight of the dry film.

The tensile tests of the films were measured on a universal
testing machine (CMT6502, Shenzhen SANS Test Machine
Co. Ltd., China) with a tensile rate of 5 mm/min™' according to
1S06239-1986 (E’) to obtain tensile strength (6,,) and breaking
elongation (€). The mean values of G, and €, were obtained
from three replications, respectively.

RESULTS AND DISCUSSION

Structure and morphology of the blended films: It is well
known that IR spectrometer is a powerful instrument for the
investigation of the hydrogen bonding based on the frequency
shift of the groups®. FTIR spectra of the UG-40, CUG-40,
UG-80, CUG-80, WPU and CMGG films are shown in Fig. 1.
The WPU displayed characteristic peaks at 1725 cm™, which
was attributed to the stretching of free urethane carbonyl
groups, while the band centered at 3300 and 1601 cm™ were
assigned to hydrogen-bonded -NH in urethane group and
hydrogen-bonded carboxylic carbonyl groups in WPU films,
respectively®. With CMGG content increased, intensity of peak
at 1725 cm decreased, while that of peak at 1601 cm™ increased
in the UG films. Moreover, compared with pure WPU, the
-NH stretching vibration exhibited strong absorption peaks
and shifted to a higher wavenumber from 3300 cm™ to about
3340 cm™ with an increase on CMGG content. This indicated
an enhancement of the free -NH group fraction in the UG
films*. An obvious shoulder peak appeared at 3290 cm’,
corresponding to the NH-O hydrogen bonding between the
amide groups of WPU networks and the carboxylic groups of
CMGG. This implied that the original inter-and intra-molecular
hydrogen bonds involved in WPU films were destroyed due
to the strong interaction between WPU and CMGG.

The delineation of the ATR-FTIR spectrum for the CUG
films was slightly different from that of the UG films in the
Fig. 1. The band of -NH stretching vibration for CUG-40 and
CUG-80 films shifted to higher wavenumber than that of UG-
40 and UG-80, which indicated that the intensity of free -NH
in urethane group increased and hydrogen-bonded -NH in
urethane group of WPU decreased. This can be explained that

the Ca**-chelating formation between calcium ion and carboxylic
groups in the CUG films restricted the formation of urethane
-NH, which lead to an increase of free -NH. Meanwhile in the
spectra of CUG films, compared with the UG films, the extent
of urethane carbonyl groups became smaller and shifted to
relatively low wavenumber. Simultaneously, the band of car-
boxyl groups centered at about 1620 cm™ in CUG-40 and CUG-
80, compared with the band of carboxyl groups in the UG-40
and UG-80 films, shifted to a higher wavenumber. These
results showed that the crosslinking reaction was conducted
by the carboxylate group and calcium ion®.

Fig. 2 shows SEM micrographs of the free surfaces of the
UG and CUG films, respectively. A smooth and homogeneous
morphology for UG-40 was observed, which suggested that a
strong interfacial interaction existed between WPU and
CMGG. When CMGG content reached 60 wt %, it is possible
to observe a nucleating structure resulting from aggregation
of smaller nuclei for the UG-60 film. But when the CMGG
content reached 80 wt %, the morphology of the blend film
surface appeared a typical “sea-island” structure, namely, an
island of WPU particles dispersed in the sea of the CMGG
matrix®'. In the CUG films, we can observe the more compact
structure in the S-CUG-40 than that of S-UG-40. When the
CMGG content reached 60 wt %, the nucleating structure was
disappeared in the S-CUG-60 films. This was explained that
Ca**crosslinking improved the structure inside the blend films
by the formation of a relatively dense architecture structure,
leading to better component compatibility*>*. In the S-CUG-80,
compared with the S-UG-80, it is observed that the shape of
the “island” became small and the “‘sea-island” structure became
vague, which exhibited that Ca** crosslinking structure might
reinforce the interfacial adhesion in the blend films.

S-CUG-40
Fig. 2. SEM images of surface sections of the UG and CUG films (“S” is
expressed to the abbreviation of “surface”)

S-CUG-60 S-CUG-80

In addition, SEM micrographs of the cross sections of
the UG and CUG films are shown in Fig. 3. In order to observe
clearly the inner structure of the UG films, the cross sections
of the UG films extracted with acetone are also shown in Fig. 3.
A smooth and fluctuant fracture cross sections appeared in
the C-UG-40, suggesting a good miscibility between WPU
and CMGG. When the CMGG content reached 60 wt %, a
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C-UG-40 C-UG-60 C-UG-80

C-UG-40 (extracted) C-UG-60 (extracted) C-UG-80 (extracted)

C-CUG-40
Fig. 3. SEM images of cross sections of the UG and CUG films (“C”is

expressed to the abbreviation of*“cross” and “extracted” was

expressed that the UG films were extracted with acetone)

C-CUG-60 C-CUG-80

rough structure in the C-UG-60 films was observed. Never-
theless, there was plenty of protuberance in the cross sections
of the C-UG-80 film, which was explained that a small amount
of WPU particles were dispersed in the continuous phase of
CMGG to produce strong adhesion force, resulting in formation
of the “sea-island” structure. The phenomena were proved by
the cross sections of the UG films extracted with the acetone.
Clearly, the extraction made the cross sections porous and the
extracted degree decreased with an increase of CMGG content.
When CMGG content in the UG films were relatively low,
CMGG molecules as a dispersed phase are proportionally
separated into WPU particles matrix. When CMGG content
continued to increase, WPU particles were dispersed in the
continuous phase of CMGG matrix, which can be seen in the
C-UG-80 (extracted) sample. In fact, the presence of WPU
particles in the CMGG matrix may bring about a great increase
in contact area between the two polymeric phases, therefore,
favoring mixing and interaction at the boundary, with predic-
table improved performance of the blend materials*. More-
over, the morphology of cross section of CUG films is relatively
homogenous and dense, compared with that of UG film, indi-
cating a relatively dense architecture in inner surface. This
implies that the crosslinking structure by Ca** was helpful to
improve the structure inside the blended films and strengthen
the compatibility between WPU and CMGG.

Miscibility between WPU and CMGG in blended films:
In a polymer blend, where there is no adhesion between the
polymer interface and no molecular mixing at the phase
boundary, the densities of the blend would be expected to
follow the additivity rule of mixtures™. The densities measured
from the volume density of the components as a function of

CMGG content are shown in Fig. 4. In the UG films, all
experimental values of density are obviously higher than that
of calculated, further indicating a strong adhesion existence
between WPU and CMGG molecules. This implies that WPU
particles penetrated into CMGG matrix to bind together,
led to a reduction of the free volume of the blend films. In
addition, the CUG films possessed higher densities than that
of the UG films, revealing that the films prepared with Ca**
crosslinking have more dense structure than that of the
uncrosslinked films.

1.6
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o
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= CUG films
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1 i 1 i 1 i 1 i 1 i 1
0 20 40 60 80 100
CMGG content (Wt %)
Fig. 4. Dependence of the densities on CMGG content for the UG and
CUG films (*...”, the dashed line was expressed to the theoretical

densities of the UG films)

DSC curves of the UG and CUG films are shown in Fig. 5
and the corresponding data are given in Table-2. The changes
of T, in polyurethane system are usually attributed to the
microphase mixing between soft-segments and hard-segments
and the restriction on rotation of the soft-segment linked to
hard segment®. In the two blend films, T, of the WPU was
shifted to higher temperature with an increase of CMGG
content, which was explained that the incorporation of stiff
CMGG component resulted in a decrease in the flexibility and
mobility of the WPU soft segments. When Ca®* was introduced
into the system in the CUG blend, the formation of Ca**-chelating
structure between the two components had great influence on
the aggregation of soft segment. Hence, T, of the WPU in the
crosslinked blend films was higher than that of the uncross-
linked blend films.

TABLE-2
GLASS TRANSITION TEMPERATURE AND o
TRANSITION OF THE UG AND CUG FILMS

DMTA DSC
Samples
T tan & T, AC, (x10°J g' K

WPU -29.3 0.54 -46.5 0.52
UG-20 9.9 0.30 -44.8 0.43
UG-40 -7.8 0.19 -37.2 0.34
UG-60 1.3 0.09 -27.3 0.16
UG-80 2.7 0.06 -26.4 0.06
CWPU -21.2 0.42 -38.3 0.48
CUG-20 -6.5 0.21 -27.9 0.31
CUG-40 -0.7 0.15 -23.7 0.25
CUG-60 1.1 0.07 211 0.09
CUG-80 5.8 0.05 -13.2 0.04
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Fig. 5. DSC thermograms of the UG and CUG films

Dynamic mechanical thermal analysis is a valuable tech-
nique to investigate the mechanical behavior of materials
subjected to cyclic stress and to obtain information about the
relaxation mechanisms that may be correlated with the
dynamics and the microstructure of the material®’. The
storage modulus (E’) of the UG and CUG films as functions
of the temperature are plotted in Fig. 6. The storage modulus
of the UG films with CMGG content lower than 20 wt %
showed a drop in stiffness, accompanying the glass transition
(T,) of the WPU soft segments. When the CMGG content was
higher than 20 wt %, the UG films exhibited higher E’ values
and this indicated that CMGG played a role in toughness
reinforcement of the blend films. In the CUG films, there was
a similar phenomenon like that of the UG films. With CMGG
content increased, the toughness of the blend films was
strengthened. However, E’ values was higher than that of the
UG films in the same CMGG content, which was explained
that the Ca crosslinking between the two polymers formed
relatively dense architecture and enhanced the stiffness of the
composite materials.

Usually, DMTA can be used to reflect the mobility of chain
segment and to obtain the temperature of o-relaxation (To).
tan d as a function of temperature for the UG and CUG films
was shown in Fig. 7 and the peak positions are summarized in
Table-2. T, was about 10 °C higher than T, from DSC. A diffe-
rent mechanism between DSC and DMTA yielding a large
difference in the T, values is practically related to the visco-
elastic behavior of the WPU phase and this effect is translated
into a large difference in the relaxation times of polymer mole-
cules, particularly in the temperature range near T,**. In the

log E” (MPa)
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Fig. 6. Storage modulus (E’) as a function of temperature for the UG and
CUG films
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Fig. 7. Tan & as a function of temperature for the UG and CUG films
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UG films, Tq shifted from -29.3 to 2.7 °C with an increase in
CMGG content and this is in good agreement with the DSC
results. The position and height of the damping peak in the
DMTA curves, which are related to the structure, composition
and crystallization behavior, may reflect the molecular
motion and interaction sensitively. From a plot of tan 8 versus
temperature, the height of the damping peaks of WPU in the
films decreased and T, value obviously shifted to higher
temperature. Especially, the damping peaks of WPU almost
disappeared in the UG-80 sample. The higher T, value and
decreasing height is associated with lower segmental mobility
of WPU soft segment, which was explained that the mobility
of soft segment assigned to WPU was restricted because of
the hardness of the main chain for CMGG. In the CUG films,
the height of the damping peaks of WPU was lower than that
of the UG films. Furthermore, the T, shifts from -21.2t0 5.8 °C
with an increase in CMGG content, was moved to higher
temperature than that of the UG films. This was explained
that Ca®* crosslinking structure inhibited the large scale mole-
cular motion of WPU soft segment.

Thermal properties of the blend films: The thermal
degradation patterns of the films are shown in Fig. 8. The small
weight loss at 30-150 °C was assigned to the release of moisture
and TEA from the samples. The weight loss at 400-600 °C
was believed to be caused by oxidation and degradation®. The
pure WPU film exhibited one weight loss step in the course of
thermal degradation and the initial thermal decomposition
occurred on 357 °C and then, decomposed to give greatest
weight loss in 380 °C, which may be caused mainly by the
breaking of urethane bonds®. The thermo-gravimetric trace
of CMGG revealed that decomposition of CMGG was a single
step degradation process, which decomposition started at
247 °C and proceeded at a faster rate up to 290 °C. A small
weight loss at 30-250 °C was attributed to the release of
moisture. From 250 to 290 °C, the weight loss was resulted
from the loss of hydroxyl group of CMGG as water molecules
and disintegration of macromolecule chains of CMGG*'. In
the blend films, there were apparent two weight loss step in
the course of thermal degradation: the first-step degradation,
between nearly 250-300 °C, corresponded to the CMGG
decomposition in blend films and then the second step degra-
dation, between 350-400 °C, ascribed to WPU degradation.
Data related to the temperature corresponding to 10 wt % (To)
and 50 wt % (Tsp) weight loss of the initial weight, as well as
the temperature of initial decomposition (T;), temperature of
final decomposition (T¢) and residues at 600 °C are summa-
rized in Table-3. The UG films exhibited much higher thermal
stability than that of WPU film, implying that an enhance-
ment of thermal stability caused by strengthening of CMGG
as well as interaction between WPU and CMGG. Moreover,
there are not perceptible weight loss step in TGA curves of
the CUG films, showing the close relation and mutual influence
between degradation process of WPU and CMGG. Compared
with the UG films, T, Tso, Ti and Trof the CUG films were
improved greatly. The residues in 600 °C also were higher
than that of the UG films. These showed that relatively dense
architecture further improved the thermal stability of the
crosslinked films through the formation of Ca**crosslinking
inside the blended films.
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Fig. 8. TGA thermograms of the UG and CUG films under a nitrogen

atmosphere
TABLE-3
THERMAL BEHAVIOUR OF THE UG AND CUG FILMS
T T T; 0 Residue of 600 °C

Samples (,,é)) (,,é)) ©C) T, (°C) (Wt %)
WPU 343 381 357 402 6.3
UG-20 262 374 249 407 11.2
UG-40 251 369 248 394 18.2
UG-60 220 367 246 395 25.2
UG-80 207 340 246 388 29.3
CMGG 137 289 247 290 27.4
CWPU 292 394 361 419 18.1
CUG-20 286 384 267 399 30.1
CUG-60 259 381 255 377 36.4
CUG-80 243 365 254 375 38.5
CCMGG 227 319 258 311 39.9

Surface properties and moisture absorption of the
blended films: The contact angle of the UG and CUG films as
a function of CMGG content was shown in Fig. 9. The CMGG
film exhibited a relatively low contact angle of 6 = 36° and the
contact angle decreased rapidly after water droplet deposi-
tion. The water droplet was totally absorbed into the CMGG
film in less than 1 min, which confirmed CMGG surface was
hydrophilic and highly wettable. The pure WPU films exhibited
a relatively high contact angle of 6 = 69°. In the UG films,
when WPU was blended with CMGG, the 0 value of the films
significantly decreased from 42 to 64°. Interestingly, the 0 value
of the CUG films was higher than that of the UG films. This
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indicated that the hydrophilic carboxylic group was chelated
with Ca*, which made the CUG films a little hydrophobic
than that of the UG films.

Moisture uptakes at equilibrium conditioned at 75 % RH
for the UG and CUG films as a function of CMGG content
was shown in Fig. 10. It is observed that CMGG absorbs 52 %
moisture, which expressed nearly 0.52 g of moisture per gram
of CMGG. The dashed line was the theoretical values of equili-
brium moisture uptake, WU ineory), Obtained from the additivity
rule as the following equation:

WU(lheory) =wssWUgs + wpyWUpy

0.6 [
o UG films
m  CUG films
X 04
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Q
®
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Fig. 10. Moisture uptakes at equilibrium conditioned at 75 % RH for the
UG and CUG films as a function of CMGG content (“...”, the dashed
line was expressed to the theoretical moisture uptake of the UG
films)

Where WU and w are, respectively, the equilibrium
moisture uptake and mass fraction in the blends. Compared
with theoretical values, a lower moisture uptake at equilibrium
is observed for the UG films and only 17 % of moisture uptake
for the film containing 40 wt % CMGG, indicating that some
morphology differences of those hydrogen bonded blends with
that of the physical blends. The moisture uptake of the blends
increased non-linearly with increasing CMGG content. This
behavior suggested occurrence of strong hydrogen bonding

interaction between WPU and CMGG. This interaction tends
to stabilize and prevents the swelling of the CMGG matrix in
high moisture environment, leading to a reduction of the mois-
ture absorption. Meanwhile, the moisture uptake of the CUG
films is little similar to that of the UG films. Interestingly,
the moisture uptake of the CUG films was lower than that of
the UG films and only 7 % of moisture uptake for the film
containing 40 wt % CMGG. This phenomenon can be ascribed
that the hydrophilic carboxylic group was chelated with Ca**
in the CUG films. The Ca**crosslinking tends to stabilize and
prevents the swelling of the CMGG matrix in high moisture
environment, leading to a reduction of the moisture absorption.

Solvent-resistance of the blend films: The solvent-swell-
ing tests are good methods to determine the solvent-resistance
of blend films. The films in various solvents were swollen for
12 h and the results are summarized in Fig. 11. Itis well known
that most WPUs are linear thermoplastic polymers with very
little gel content, which allows solubility in some organic
solvents. When the CMGG content increased, there was a rapid
decrease in the swelling degree of the UG films. Especially,
when the CMGG content exceeded 60 wt %, the swelling
degree remained at a very low value, which indicated CMGG
played an important role in the enhancement of the solvent-
resistance for the UG films. Fig. 11 also shows the solvent-
swelling tests of the CUG films for 12 h. The solvent-resis-
tance of the CUG films increased with an increase of CMGG
content and the CUG films appeared higher chemical resistance
than that of the UG films, which was attributed to its crosslinked
structure.

Mechanical properties of the blend films: The depen-
dency of the tensile strength (G,) and elongation at break (€,)
on CMGG content for the UG and CUG blend films is shown
in Fig. 12. The G, values for the UG films increased from 2.9
to 31.2 MPa with an increase of CMGG content from 20 to 80
wt % and the maximum value was observed at 80 wt% CMGG
content. Interestingly, the CUG films all showed higher
tensile strength than that of the UG films. The maximum value
56.5 MPa was also observed at 80 wt % CMGG content,
indicating that the Ca**crosslinking structure from WPU and
CMGG enhanced the mechanical strength of the blended films.
WPU is a kind of typical flexible elastomer, which &, values
of the blend was 1201.6%. With an increase of CMGG content,
the €, values of the blend films decreased dramatically in the
UG films. The elongation values of the CUG films were all
lower than those of UG films, indicating that Ca**crosslinking
had improved the toughness of the films through the formation
of the Ca**-chelating structure. In the blended films, WPU film
has poor tensile strength, which is hardly to be accepted in
practical applications. However, the mechanical properties of
the WPU films were improved greatly, owing to strong inter-
molecular hydrogen bonding between two polymers and the
formation of Ca**-chelating structure in the blends.

Model describing the Ca*crosslinking structure of the
blended films: In review of the results mentioned above, the
crosslinked films possessed better miscibility and higher
density, storage modulus, thermal stability, contact angle and
tensile strength than the uncrosslinked films over the entire
composition range. This is due to that the more uniform and
dense architecture caused by Ca**crosslinking in the CUG films
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CUG films as a function of CMGG content

than that of the UG films. A model describing the crosslinking
network formation by Ca**ion was proposed to illustrate the
differences of their structures and properties as shown in
Fig. 13. When CMGG content was relatively low, CMGG
molecules penetrated into the WPU particles matrix and
formed a dispersed phase. With an increase of CMGG content
in the UG films, the CMGG phase domain size gradually grew
up to achieve solid matrix. As CMGG content further increased,
a small amount of WPU particles still existed, which dispersed
into the CMGG continuous phase and formed the typical
“island-sea” structure.

In addition, when the blend system was immersed into
CaCl; aqueous ethanol solvents, the carboxylic groups
containing CMGG or PU are coordinated with Ca**, resulting
in the formation of chain-Ca**-chain interactions and forming
interpenetrating polymer networks structure. The Ca**-chelating
structure was helpful to improve relatively dense architecture
of the blend films and compel the compatibility between WPU
and CMGG. As also shown in Figs. 2 and 3, segregation
morphology for the UG film formed in inner when CMGG
content was relatively high. When Ca®* was introduced into
the blend system, uniform and densely packed architecture
appeared in the CUG films.

Conclusion

Films from WPU and CMGG were prepared using the
solution casting method and then crosslinked with calcium
chloride. The results revealed that the blend film had higher
thermal stability and tensile strength than that of the WPU
film, suggesting good miscibility between WPU and CMGG. It
was worth noting that the CUG films exhibited better miscibility
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Fig. 13. Schematic diagrams of the model describing the crosslinking
network formation of the CUG films by Ca**ion

and higher density, storage modulus, thermal stability and tensile
strength than that of the UG films over the entire composition
range studied here. This difference can be attributed to the
stronger entanglement and formation of a Ca** crosslinking
structure between WPU and CMGG macromolecules in the
CUG films. The structure, miscibility and properties of the
crosslinked films depended significantly on Ca** crosslinking
and the crosslinking structure can effectively improve the misci-
bility and properties of the blend films. A model describing
the formation and structure of Ca** crosslinking was proposed
here to illustrate the effect of the crosslinking on the WPU/
CMGG blend films. Therefore, we provided a new method
for preparing composite materials with excellent mechanical
properties from natural polymers.
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